Dielectric elastomer (DE) actuators such as conventional double cone configurations have demonstrated that coupled DE membranes can be rigidly-coupled to execute antagonistic out-of-plane actuation. This paper presents experimental analysis of the compliant coupling in the emerging magnetically-coupled DE actuator (MCDEA) design, which exploits contactless magnetic repulsion to create a frictionless coupling between DE membranes. The compliance of this coupling enables the advantage of having two different actuation modes: antagonistic reciprocation and bi-directional expansion. However, since this compliance adds an additional degree-of-freedom, it increases the complexity of the actuator's dynamics because the coupling distance can exhibit oscillatory behavior that is distinct from each of the actuator's output oscillations in terms of phase difference and frequency. In this work, the relationship between DEA membrane stiffness and required magnetic force is experimentally analyzed before we present an investigation into the phase space of the compliant coupling and its relationship with the stroke amplitude. It is shown that the fundamental frequency of the MCDEA's output stroke (46.1 Hz) corresponds to a super-harmonic frequency of the magnetic coupling that is double that of the output. The fundamental frequency of the coupling (87.6 Hz) is found to correspond to a second resonant peak in the MCDEA's output with a much lower amplitude than at 46.1 Hz. This suggests that the dynamics can be exploited by controlling the excitation frequency for unidirectional push/pull or bidirectional expansion/contraction actuation, which creates potential for new compliant DE actuator and generator designs.
INTRODUCTION
Dielectric elastomer actuators (DEAs) are formed from thin elastomeric films coated with compliant electrodes and they exhibit attractive characteristics such as large actuation strains and high energy densities [1] . DEAs are driven by large electric fields that generate a Maxwell pressure which induces large biaxial planar expansion and transverse compression. Out-of-plane biasing mechanisms can help to maximize the linear actuation stroke output from this biaxial expansion, and these include the use of a rod [2, 3] , spring [4, 5] , deadweight [6, 7] or magnetic force [8, 9] to deform the DEA membrane into a protruding conical shape. Out-of-plane biasing can also be achieved using an antagonistic DEA configuration, as demonstrated by Artificial Muscle Incorporated's Universal Muscle Actuator [10] , which connected two offset membranes via a co-axial central disk to form a recessed conical shape. Coupling DEA membranes in an antagonistic configuration draws clear parallels to the skeletal muscle architectures in nature and similarly generates benefits such as maximizing stroke and offering dual capabilities for either bi-directional push/pull actuation (when each membrane is driven out-of-phase) or increased holding force (when the membranes are activated in-phase and in tension against each other) [11] . DEAs with antagonistically-coupled membranes have been exploited for numerous applications including bistable structures [12] and bio-inspired robotics such as manipulators [13] and walking [14] , crawling [15] and flapping wing [16] robots.
DEAs with antagonistically-coupled out-of-plane membranes have typically relied on either a rigid [2, 3, 11] or hydrostatic [17] coupling between each membrane. Rigid coupling using a rod [2, 3] or disk [11] creates a double cone configuration while hydrostatic coupling utilizes fluid pressure from an internally sealed volume to deform each DEA membrane into a hemispherical diaphragm [17] . If an incompressible fluid is used in the hydrostatically-coupled configuration, then each DEA diaphragm is, in effect, also rigidly coupled. Rigid coupling between membranes can be advantageous for ease of control, since only one membrane's position is needed to know the kinematic state of the actuator, but the membrane displacements are limited to a phase difference of only 180° during periodic actuation cycles.
A compliant coupling between DEA membranes creates opportunities for both antagonistic push/pull actuation as well as in-phase expansion/contraction, where the coupling is extended or compressed by synchronized membrane activation. In this work, we analyze the dynamics of the compliant coupling between membranes in our recently published magnetically-coupled DEA (MCDEA) design [18] . The double cone MCDEA exploits a magnetic repulsion force via embedded permanent magnets to deform a pair of membranes out-of-plane. Compliant, out-of-plane biasing may also be achieved using a spring (analogous to the spring roll DEA design [19] ) but this is not contactless unlike magnetic repulsion and a recent study on individual out-of-plane DEA membranes found that a permanent magnet biasing force could increase the actuation stroke in comparison to a spring [8] . The hydrostatically-coupled DEA configuration may also exhibit compliant coupling if a compressible fluid is used, but since it generates volumetric expansion through DEA diaphragms, whereas the MCDEA generates a linear stroke via a rigid end effector, they are not directly comparable.
In this work, we present a new analysis of the dynamics of the compliant coupling in the double cone MCDEA design. First, an overview of the MCDEA's design and principle of operation is given (section 2), before the methods and materials for its fabrication and testing are described (section 3). Quasi-static experimental characterization of the forcedisplacement responses of a single DEA membrane and the coupled permanent magnets are presented in section 4.1, before the frequency-dependent response of the MCDEA's compliant coupling is analyzed in depth in section 4.2. In contrast to previous analysis of the MCDEA in [18] , here we investigate the specific dynamics and phase space of the compliant coupling and its relationship with the actuator's stroke amplitude.
MAGNETICALLY-COUPLED DIELECTRIC ELASTOMER
The magnetically-coupled DEA (MCDEA) consists of two circular DEA membranes which each have a permanent magnet attached in their center. The membranes are configured in parallel with the magnets co-axially aligned and oriented so that their poles create a linear magnetic repulsion force, F mag , that biases the membranes out-of-plane (as shown in Figure 1 ) [18] . The out-of-plane biasing creates a conical shape, which results in the membranes having a higher radial principal stretch, 1 , relative to the circumferential principal stretch, 2 (after [4, 20] ).
The coupling in the MCDEA is due to the force equilibrium between the out-of-plane tension force exerted on the magnets by each membrane and F mag . Since each membrane's tension, and hence the reaction force on the magnet, is subject to voltage-induced modulation, the distance between the magnets is not restricted and may be controlled. Since this coupling is compliant and the two DEA membranes are arranged antagonistically, it was shown in [18] that changing the phase difference between each membrane's applied voltage could generate distinct actuation modes. If the membranes are excited with driving signals that are 180° out-of-phase, then a bi-directional linear stroke is observed. If equal voltages are applied to the membranes in-phase (0°), then the reaction forces exerted on both magnets are reduced and the coupling distance, s, increases (i.e. the MCDEA expands outwards). The additional linear degree-of-freedom (DOF) between the magnets adds complexity to the MCDEA's dynamics, since the coupling distance, s, can exhibit oscillatory behavior that is distinct from each of the magnet's oscillations in terms of phase difference and frequency, even when only one DEA membrane is actuated. Experimental results of these dynamics are analyzed in section 4.2. 
MATERIALS AND METHODS

MCDEA fabrication
The fabrication process described here follows that presented in [18] . The MCDEA was fabricated using two 100 μm thick silicone elastomer membranes (Elastosil, Wacker Chemie AG), which were biaxially pre-stretched 1.2×1.2 before being bonded to separate circular acrylic frames (40 mm inner diameter) using silicone transfer tape (ARclear 93495, Adhesives Research). A disc-shaped Neodymium magnet (First4Magnets) was bonded to the center of each membrane using the same silicone transfer tape. Each magnet has a rated pull force of 0.28 kg and maximum energy product of 318 -342 kJ/m 3 with a 15 mm diameter and 0.5 mm thickness. After each magnet was bonded, electrodes were manually applied to each side of the membrane using carbon grease (MG Chemicals). The magnets were oriented so that the same pole on each magnet was on the bonded magnet-membrane interface. This ensured that a magnetic repulsion force was generated between the membranes, so that they deformed out-of-plane into a double cone configuration when their circular frames were bolted together (as shown in Figure 1b ).
Experimental method
Two sets of experiments were conducted to (i) characterize the relative stiffness of the elastomer membrane and magnetic repulsion force and (ii) analyze the dynamics of the compliant coupling in the MCDEA. The first of these tests measured the quasi-static force-displacement responses of a single DEA membrane and the coupled magnetic repulsion and the second tests considered the frequency-dependent response of the complete MCDEA, with a focus on the dynamics of the compliant coupling.
For the quasi-static tests, a single DEA membrane was fabricated following the MCDEA fabrication procedure described in section 3.1, except that only one circular frame with membrane and bonded magnet was produced. The DEA membrane's frame was fixed in place while the magnet was displaced by a passive rod driven by a linear actuator (X-LSQ150B-E01, Zaber Technologies Inc.), as shown in Figure 2a . The rod was connected in series to a load cell (NO.1004, Tedea) so that the reaction force from the silicone elastomer membrane could be measured. The protruding rod was translated at a constant rate of only 0.01 mm/s to ensure the viscoelastic contributions to the response of the were negligible. The displacement of the magnet on the DEA membrane was measured using a laser displacement sensor (LK-G152 and LKGD500, Keyence). The force-displacement response was conducted while the DEA membrane was passive and when a voltage of 4170 V was applied by a high voltage amplifier (Ultravolt, 5HV23-BP1), which corresponds to a nominal electric field, E n , of 60 V/μm. E n was estimated using the biaxial pre-stretch, p , value of 1.2 and the incompressibility assumption ( 1 2 3 = 1).
The magnetic repulsion force was measured with a similar set-up using the linear actuator, load cell and laser displacement sensor. One magnet was fixed in place while the other was displaced by the linear actuator with the load cell connected in series so that the force-displacement relationship between F mag and s could be measured. In all tests, data was collected using a DAQ device (National Instruments, BNC-2111) with MATLAB (Mathworks). The dynamic actuation tests of the MCDEA required no externally applied forces and hence the protruding rod, load cell and linear actuator from the quasi-static tests were not included. Two laser displacement sensors (same model as above) where used to measure the displacement of both magnets and hence determine changes in the compliant coupling distance, s (as shown in Figure 2b) . In all dynamic tests, one membrane in the MCDEA was activated with a sinusoidal driving voltage while the other remained passive. The driving signal's excitation frequency, Ω, was swept from 1 to 200 Hz in increments of 0.1 Hz. Each frequency increment was maintained for 10 cycles to ensure a steady-state response was attained. The peak voltage in the sinusoidal signal was 4170 V, which corresponds to a nominal electric field, E n , of 60 V/μm.
EXPERIMENTAL RESULTS
Quasi-static characterization
The quasi-static force-displacement of the DEA membrane demonstrated a relatively linear response in its passive state, as shown in Figure 3a . Minimal hysteresis was evident in the response, which is expected considering the typically low viscoelasticity of silicone elastomers. With a constant voltage of 4170 V applied, the DEA membrane's stiffness relaxed, and it continued to exhibit negligible hysteresis. The magnetic repulsion force is plotted against the distance between the magnets, s, in Figure 3b . It exhibits a more non-linear force-displacement curve relative to the DEA membrane and has an inverse stiffness since it is a repulsive magnetic coupling. As the dashed lines across Figure 3 indicate, when the DEA membranes and magnets are balanced with no actuation voltage, the force is 305 mN, and when a voltage of 4170 V is applied to one membrane, the force reduces to 255 mN. This method of characterizing the relative stiffness of the DEA membranes and magnetic repulsion can enable the design of MCDEAs with different membrane stiffnesses (perhaps due to a different elastomer modulus or multi-layered stacking), since the corresponding magnetic repulsion force can be easily determined as shown here. 
Dynamic response of compliantly coupled actuator
Characterizing the relationship between the fundamental frequency of the magnetic coupling's oscillation relative to the fundamental frequency of the MCDEA's output oscillation is key towards understanding the effect of the coupling's compliance on the actuator dynamics and stability. In all cases, the fundamental frequency is defined as the frequency with the largest magnitude in a discrete Fourier transform. Figure 4 plots the fundamental frequency, ω, of both the MCDEA's output stroke (Figure 4a ) and coupling distance, s, (Figure 4b ) against the excitation frequency, Ω (described in section 3.2). Figures 4c and 4d show the corresponding frequency response of stroke amplitude and s respectively. It can be seen in Figure 4c that the MCDEA has a superharmonic peak amplitude of 1.77 mm at Ω = 23.5 Hz, which corresponds to the output stroke oscillating at twice the frequency of the applied voltage (ω = 2Ω), as shown in Figure 4a . The next peak in Figure 4c, at Ω = 46.1 Hz, is a resonant peak where the excitation and fundamental response frequencies are matched (ω = Ω). This frequency generates the largest stroke amplitude of 4.06 mm, which is equivalent to a strain of 10% relative to the membrane diameter. The third peak in Figure 4c, at Ω = 87.6 Hz, is another resonant frequency (ω = Ω), but it exhibits a much smaller amplitude of 1.27 mm due the oscillation of the compliant coupling (described below). At an excitation frequency of 23.5 Hz, the MCDEA output exhibits a super-harmonic response (ω = 2Ω) and small stroke amplitude (1.77 mm), while the compliant coupling has a very small amplitude of s (Figure 4d ) and its superharmonic fundamental frequency, ω, is much larger than the excitation frequency (ω = 4Ω). The relatively weak stability of the coupling's response at this frequency is more clearly shown in the phase portrait (Figure 5b) , where the spiraling limit cycle is much less clearly defined than the responses at 46.1 Hz (Figure 5d ) and 87.6 Hz (Figure 5f ). At the resonant frequency of the MCDEA with the largest stroke amplitude (46.1 Hz, Ω = 4.06 mm), the compliant coupling exhibits a large super-harmonic (ω = 2Ω) peak amplitude of s = 2.39 mm. At this frequency, the periodic oscillation is a lot more stable than at 23.5 Hz (Figure 5c ) and the phase portrait has a clear attractor (Figure 5d ). The reason that s cycles periodically with a larger negative (compression) than positive amplitude (expansion) in Figure 5c , is because only one DEA membrane is excited, and this introduces an asymmetry between the driving and return forces.
In the Figure 4d , it can be seen that the MCDEA output's resonant frequency of 87.6 Hz is also the fundamental frequency at which the compliant coupling resonates (ω = Ω) with the largest amplitude of s = 2.50 mm. It is interesting to note that although this is the only frequency at which the fundamental frequencies of both the MCDEA's output and compliant coupling match both each other and Ω, this is the lowest stroke amplitude of any of the three peaks in Figure  4c . This is because this resonant frequency is dominated by the magnetic coupling of the two membranes and consequently it is s which is oscillating with a large amplitude. This behavior corresponds to the MCDEA primarily oscillating in an expanding and contracting mode, where s cycles periodically about its passive position (s = 0 mm), as shown in Figure 5e . At this frequency, the compliant coupling exhibits the most stable dynamics, as exemplified by the phase portrait in Figure 5f where there is a very clear limit cycle.
It can be concluded from this analysis, that the dynamics of the compliant coupling in the MCDEA may be exploited for different applications. For example, where a large, reciprocating output stroke is required, the resonant frequency of 46.1 Hz is ideal as this is where the compliant coupling oscillates at a super-harmonic frequency twice that of the excitation frequency. If a large expansion and contraction of the MCDEA is desired, then the resonant frequency of 87. 6 Hz is preferable as s oscillates with a large amplitude of 2.50 mm. It is proposed that the resonant frequencies may be tuned to different values by changing the membrane stiffness and magnet strength and this will be investigated in future work. 
CONCLUSION
In this work, we have investigated the dynamics associated with the compliant coupling in a double cone MCDEA, which is an emerging linear stroke DEA configuration. The phase space of the compliant coupling was tested with varying excitation frequencies to study the relationship between coupling distance and stroke amplitude. The dynamic results showed that that the fundamental frequency of the MCDEA's output stroke (46.1 Hz) corresponds to a superharmonic frequency of the magnetic coupling that is double that of the output. The fundamental frequency of the coupling (87.6 Hz) is found to correspond to a second resonant peak in the MCDEA's output with a much lower amplitude than at 46.1 Hz. This suggests that the complex dynamics of the MCDEA can be exploited for different applications by changing the excitation frequency for unidirectional push/pull or bidirectional expansion/contraction actuation.
